Bank (PDB), searching for molecules with Na + -specific valence values n Na + r1.0 v.u., as expected for a bound Na ion. Thirty-three water molecules (<0.01% of the total) were found to have n Na + r1.0 v.u. and to be located within 3.5 Å from at least two protein oxygen atoms. These water molecules, with a high Na + -specific valence, do not have valences specific for other cations, like Li + , K + , Mg 2+ or Ca 2+ . They belong to nine different proteins (deoxyribonuclease I, enolase, hen egg-white lysozyme, human lysozyme, phospholipase A2, proteinase A, rubredoxin, thrombin and phage T4 lysozyme) and appear with similar coordination geometry, typically octahedral, in the same place in multiple crystal structure determinations of the same protein. In the case of thrombin, the water molecule singled out by valence calculations is, in fact, a bound Na ion as demonstrated by molecular replacement with Rb + . Valence calculations provide an accurate screening of water in protein crystals and may help identify Na + binding sites of functional importance.
Specific monovalent cation effects in biological macromolecules are widespread and of utmost physiological relevance (Ayala & Di Cera, 1994; Hohenester et al., 1994; Lu & Draper, 1994; Overman & Lohman, 1994; O'Brien & McKay, 1995; Woehl & Dunn, 1995) . In over 100 enzymes, Na + or K + are required for optimal catalysis and act as allosteric effectors that change the structure of the whole protein, or as cofactors binding to specific substrates (Suelter, 1970) . Structural information on the molecular origin of these effects has begun to emerge for enzymes activated by K + (Toney et al., 1993; Larsen et al., 1994; Wilbanks & McKay, 1995) . Although fewer in number, enzymes activated by Na + are involved in key regulatory interactions, as demonstrated by blood clotting factors (Orthner & Kosow, 1978 Steiner et al., 1980; Wells & Di Cera, 1992) . Thrombin represents a spectacular example of how Na + -specific effects may trigger molecular events leading to important physiological functions. In fact, binding of Na + to a single site , allosterically switches this enzyme from an anticoagulant to a procoagulant factor .
Unlike the case of K + , Na + binding sites in proteins are difficult to locate crystallographically due to the identical number of electrons carried by this metal ion and a water molecule. Hence, an electron density due to a bound Na ion can easily be attributed to a water oxygen atom in the refinement procedure. In view of this difficulty and of the importance of Na + -specific effects in blood clotting factors and other enzymes, it is important to develop methods that can identify water molecules that might have been misassigned in crystal structures. An algorithm that systematically screens all water molecules in a protein crystal and singles out those molecules that may be, in fact, Na ions would be of great practical utility. Identification of such molecules may prompt further investigation in terms of more direct methods, like molecular replacement, that can identify the bound Na ion unequivocally.
Abbreviations used: PDB, Protein Data Bank; v.u., valence units.
A number of computational algorithms to predict metal ion binding sites in proteins have been developed (Yamashita et al., 1990; Nayal & Di Cera, 1994; Bagley & Altman, 1995) . Valence calculations are particularly accurate (Nayal & Di Cera, 1994) because they exploit an empirical expression between the bond length and the bond strength of a metal ion-oxygen pair parameterized from results obtained in the extensive analysis of structures of metal oxides (Brown & Wu, 1976; Brown, 1992) . The expression returns values of the valence for any accessible point in the crystal structure and singles out regions of the protein where a given metal ion is likely to be found. In this study, we show that valence calculations can be used to screen protein crystals to identify bound Na ions that might have been misassigned as solvent molecules.
All protein structures currently in the PDB were included in the analysis. The sample contained 2742 protein structures, with a total of 342,201 assigned water molecules. Only water molecules that could be replaced with a Na ion without significant overlap of van der Waals radii with neighbor atoms were considered. In 9959 cases, the overlap was found to be >10% and the water molecules were disregarded. The Na + -specific valence of each water molecule was calculated using the equation (Brown & Wu, 1976; Brown, 1992; Nayal & Di Cera, 1994) :
where n j is the valence contributed by the jth ligating oxygen in the coordination shell located at a distance R j , and M is the total number of oxygen atoms within 4.0 Å . The parameters R 0 and N translate the bond length into the bond strength, or valence, and are specific of a given metal ion-oxygen pair. The values for the Na + -O pair are R 0 = 1.622 and N = 4.29 (Brown & Wu, 1976) . At the cutoff distance of 4.0 Å , the valence contributed by a ligating oxygen atom is only 0.02 v.u., or 2% of the value of 1.0 v.u. expected for Na + . In a coordination shell where all M ligating oxygen atoms are equally disposed around the metal ion, the theoretical distance for the metal ion-oxygen pair, R th , can be derived from equation (1) as:
The value of R th expected for a Na + -O pair in an octahedral coordination shell (M = 6) is 2.46 Å . Equation (1) was also used to screen solvent molecules for other cations, and specifically Li + , K + , 
Mg
2+ and Ca 2+ . This was done to test the sensitivity of the method and the robustness of the assignments derived from the screening for Na + . The values of R 0 and N for the cation-O pair in the various cases were derived from the literature (Brown & Wu, 1976) . The program WASP (WAter Screening Program) for screening water molecules in a crystal structure for different monovalent and divalent cations using the valence approach is available upon request to enrico@caesar.wustl.edu. Figure 1 shows the distribution of n Na + values calculated for 332,242 water molecules in the protein sample studied. The average value of n Na + is 0.18 v.u., with a standard deviation of 0.13 v.u., and is significantly lower than the value of 1.0 v.u. expected for Na + †. Sixty-four water molecules (0.02% of the total) have n Na + e1.0 v.u., whereas none of the water molecules in the PDB sample has n Li + e1.0 v.u., n K + e1.0 v.u., n Mg 2+ e2.0 v.u., or n Ca + e2.0 v.u. This indicates that the valence method is extremely sensitive to the specific ion screened for and provides robust predictions on bound Na ions misassigned as water molecules. The water molecules with n Na + e1.0 v.u. show noteworthy differences compared to the rest of the sample (see Figure 2). They are surrounded almost exclusively by oxygen atoms up to 3.4 Å . On the other hand, water molecules with n Na + < 1.0 v.u. tend to be surrounded also by nitrogen atoms peaking at 3.0 Å . In both cases, carbon atoms populate an outer shell around 4.0 Å . These atoms provide support for oxygen and nitrogen atoms, or are directly hydrated by water molecules (Blake et al., 1983) . A bound Na ion should be surrounded by oxygen atoms only, in view of its nature as a weak acid (Brown & Skowron, 1990; Brown, 1992) . A water molecule, on the other hand, can engage in hydrogen bonding interactions with either oxygen or nitrogen atoms. † This distribution is quite robust and is not biased by the atomic resolution of the crystal structures. Extensive Monte Carlo calculations were carried out introducing a Gaussian pseudo-random error with zero mean and s = 0.3 Å in the atomic coordinates of the water molecules. This resulted in perturbations of the nNa+ values of E10%. Hence, the results in Figure 2 may be revealing of Na ions misassigned as water molecules in the refinement procedure.
The 64 water molecules with n Na + e1.0 v.u.
belong to 11 different proteins and appear with similar coordination and in the same position in multiple determinations of the structure of the same protein. Thirty-one of these water molecules are surrounded by at most one oxygen from the protein within 3.5 Å and are found in the crystal structures of rubredoxin (7rxn), insulin (4ins), apo-liver alcohol dehydrogenase (8adh), and seven structures of mutants of bacteriophage T4 lysozyme (109l, 112l, 113l, 1l87, 1l95, 1l96, 224l) . The other 33 water molecules with n Na + e1.0 v.u. have at least two protein oxygen atoms within 3.5 Å , which supports the possibility of these molecules being, in fact, Na ions specifically bound to the protein. They are found in nine different proteins (see Table 1 ) and appear repeatedly in the same position in multiple determinations of the structure of the same protein †. † The cutoff of nNa+e1.0 v.u. effectively singles out most of the proteins with a water molecule scoring high Na + -specific valence. Using a cutoff of nNa+e0.90 v.u., and retaining the criterion of the water being surrounded by at least two oxygen atoms from the protein within 3.5 Å , singles out a total of 99 water molecules in structures that belong to 14 different proteins. In addition to the nine proteins listed in Table 1 , these water molecules are found in b-lactamase (water 432 in 1blc.pdb), proteinase K (water 412 in 1pek.pdb), subtilisin (water 300 in 1s01.pdb), transthyretin (water 683 in 1ttc.pdb) and D-xylose isomerase (water 641 in 1xib.pdb; water 690 in 1xin.pdb).
When screened for other monovalent and divalent cations, in no case is the valence of these water molecules found close to the expected value (see Table 1 ). K + is excluded in all cases because of the overlap of the van der Waals radii with the oxygen atoms in the coordination shell. Li + yields n Li + < 1.0 v.u. in all cases. Likewise, Mg 2+ and Ca 2+ score well below 2.0 v.u. and Ca 2+ is excluded in many cases because of the overlap of van der Waals radii. The temperature factor of these water molecules is a poor predictor of the presence of a Na ion and does not correlate with the Na + -specific valence. In most cases the value is actually above the average temperature factor of the protein. On the other hand, both the number of oxygen atoms surrounding these water molecules and the average distance in the coordination shell signal the presence of a bound Na ion.
Some key examples of these water molecules are given in Figure 3 . In deoxyribonuclease I (2dnj), the water with n Na + e1.0 v.u. has six nearest-neighbors, two oxygen atoms from the protein and four water molecules, arranged in an octahedral geometry. The average distance from the central water molecule is 2.48 Å , a value practically identical to R th for Na + . A similar architecture is found in the case of thrombin (1thr), where the central water molecule is octahedrally coordinated by two oxygen atoms from the protein and four water molecules, with an average distance of 2.35 Å . The water molecule (Brown & Wu, 1976). singled out by valence calculations is, in this case, a Na ion as recently demonstrated by molecular replacement with Rb + . In the case of hen egg-white lysozyme (6lyt), the water molecule with n Na + e1.0 v.u. has six nearest-neighbors, four protein oxygen atoms and two water molecules, arranged again in an octahedral geometry. A similar architecture is observed in human lysozyme (see Table 1 ). The average distance from the central water molecule is 2.49 Å , with S60 O and C64 O less than 2.2 Å away. Phospholipase A2 (1pod) is unusual in so far as the water molecule with n Na + e1.0 v.u. has five nearest-neighbors, all from the protein, arranged in an incomplete octahedron. The coordination shell also contains the charged carboxylate oxygen atoms of D48, one of which is in very close contact with the central water molecule. In the case of proteinase A (5sga), there are two water molecules with n Na + e1.0 v.u. One is in the active site region, close to S195 O g and S214 O, and is surrounded by five water molecules. The other site (shown in Figure 3 ) has seven nearestneighbors, five from the protein and two water molecules, arranged in a distorted octahedral geometry reminiscent of canonical EF-hands (Glusker, 1991) . The coordination shell contains three charged carboxylate oxygen atoms. Although assigned as a water molecule, the possibility of this molecule being a Na ion instead was mentioned in the original refinement procedure (Sielecki et al., 1979) .
Our analysis predicts that in at least nine proteins, listed in Table 1 , one of the assigned water molecules is a specifically bound Na ion. Our predictions should be tested directly by molecular replacement. In the case of thrombin, molecular replacement with Rb + has recently shown that the water molecule with n NA + e1.0 v.u. (see Table 1 ) is indeed a Na ion. This is the bound Na ion responsible for the slow : fast transition that is crucial for the physiological functions of the enzyme . Whether similarly important Na + -specific effects exist for lysozyme, rubredoxin and the other proteins singled out by our valence calculations remains to be established by experimental studies. As the number of crystal structures deposited in the PDB increases, so does the need for accurate screening of water molecules. Valence calculations provide a powerful and sensitive tool for the identification of proteins where Na + binding sites of functional importance may have been missed in the original refinement.
